ABSTRACT. Tumor necrosis factor-a (TNF-a) stimulates osteoclast differentiation and suppresses osteoblast differentiation, leading to bone loss and decreased bone mass in local inflammation areas in patients with rheumatoid arthritis. The growth factor progranulin (PGRN) is expressed in various types of cells and play crucial roles in the pathogenesis of atherosclerosis and arthritis by blocking TNF-a. Here, we investigated the role of PGRN in blocking TNF-a-mediated inhibition of osteoblast differentiation and the regulatory mechanism. C2C12 stem cell was induced by bone morphogenetic protein-2 (BMP-2) for osteoblast differentiation. A significant increase in ALP activity (P < 0.001), as well as the expression of ColI, Ocn, and Bsp in the induced cells (P < 0.01 and P < 0.001) were observed; the marker gene expression and ALP activity were inhibited by TNF-a (P < 0.01 and P < 0.001). PGRN significantly blocks the TNF-a-mediated inhibition of osteoblast differentiation, evidenced by the ALP activity (P < 0.05 and 2 N. Wang et al.
INTRODUCTION
Osteoblasts, one of the main cells in the bone tissue, are derived from mesenchymal stem cells (MSCs) that comprise the bone tissue. MSCs have multiple differentiation potentials, and can differentiate into chondrocytes, osteoblasts, and adipocytes (Uccelli et al., 2008) . Accurate regulation of osteoblast differentiation, which relies on proper extracellular signal stimulation and appropriate expression of osteogenic transcription factors, plays a crucial role in the process of bone development and osteoblast remodeling during the embryonic stage (Zaidi, 2007) . The key cellular regulatory signals identified so far include bone morphogenetic proteins (BMPs), wingless-ints, and Notch (Huang et al., 2007) ; several key transcription factors of osteoblast differentiation, including Runt-related transcription factor 2 (Runx2), Osterix (Osx), and activating transcription factor 4 (ATF4) (Karsenty et al., 2009 ) have also been identified.
Rheumatoid arthritis (RA) is a chronic systemic disease characterized by inflammatory synovitis (Goldring and Gravallese, 2000) . Pathological studies have indicated that tumor necrosis factor (TNF)-a plays a critical role in the pathogenesis of RA (Azuma et al., 2000; Baum and Gravallese, 2014) . A number of studies have reported the strong inhibitory effect of TNF-a on osteoblast differentiation of MSCs (Walsh et al., 2009; Walsh and Gravallese, 2010) . Early in vitro experiments indicated that TNF-a inhibits the differentiation of preosteoblasts into mature osteoblasts (Canalis, 1987) . Moreover, the recent "TNF-a receptor gene excluding p55 knockout" experiment proved that TNF-a reduces the peak bone mass in mice (Gilbert et al., 2000; Li et al., 2007) . Previous studies have shown that TNF-a inhibits osteoblast differentiation by activating the downstream signal pathway of nuclear factor-kB (NF-kB) (Chang et al., 2009) . Therefore, the inhibition of TNF-a on osteoblast differentiation of MSCs has been studied extensively.
Progranulin (PGRN) is a growth factor containing 593 amino acids. A recent study described the protective effect of PGRN on Alzheimer's disease, as well as its positive role in wound healing (He et al., 2003; Pereson et al., 2009) . Further studies have reported that PGRN inhibits TNF-a and plays a key role in the pathogenesis of atherosclerosis and rheumatoid arthritis (Liu, 2011; Tang et al., 2011; Hwang et al., 2013) . However, the exact effects of PGRN on bone tissue remain to be validated. Studies have indicated that PGRN promotes endochondral ossification during the development and control of bone repair, by regulating the expression of BMP as well as TNF-a signaling (Zhao et al., 2013) . Recent studies have indicated that PGRN inhibits TNF-a-mediated osteoclast differentiation and directly promotes osteoblast differentiation (Noguchi et al., 2015) . However, the possible role of PGRN in blocking the TNF-a-mediated inhibition of osteoblast differentiation remains to be reported.
Here, based on the BMP-2-induced mesenchymal stem cell line C2C12 osteoblast differentiation model, we determined that PGRN significantly blocks the TNF-a-mediated inhibition of osteoblast differentiation and exerts a protective effect on osteoblast differentiation under inflammatory conditions. We speculate that this effect could be used to develop novel methods for the prevention and treatment of rheumatoid arthritis-induced osteoporosis.
MATERIAL AND METHODS

Materials
The materials used in our study included C2C12 
Methods
Modeling osteoblast differentiation in C2C12 cells
C2C12 cells were cultured with DMEM supplemented with 10% FBS under relatively humid conditions (37°C, 5% CO 2 ). Directional differentiation of cells seeded on 12-well plates into osteoblasts (induction culture) was induced by introducing 100 ng/mL BMP-2. The cells were then treated with various concentrations of PGRN. Induced differentiation time was determined through specific experimental arrangements. ColI (type I procollagen), Ocn (osteocalcin), and Bsp (bone protein) expression was confirmed by real-time polymerase chain reaction (PCR). Alizarin red staining was used to determine the mineralization, and quantitative ALP analysis was used to confirm the ALP activity in the C2C12 cell osteoblast differentiation model.
Quantitative PCR
Total RNA was extracted using TRIzol reagent, according to the experimental procedures provided by the manufacturer. cDNA reverse transcription was conducted in a 25-mL system using the total RNA as the primer and M-MLV reverse transcriptase. The fluorescent quantitative PCR system, prepared using the SYBR ® Premix Ex Taq TM reaction system, was composed of the following: 4.5 mL ddH 2 O, 0.1 mL 20 mM sense primer, 0.1 mL 20 mM antisense primer, 0.1 mL cDNA, 0.2 mL RoxII, and 5 mL SYBR Premix. The PCR conditions were set on the ABI VIIA7 fluorescence quantitative PCR instrument as follows: denaturation at 94°C for 10 s, 40 cycles of denaturation at 94°C for 10 s and annealing at 60°C for 30 s, followed by the final melting curve program. The PCR data were analyzed using the C T attenuation value method (2 -DDCt ). The primer sequences used are summarized in Table 1 . Table 1 . Primer sequences for real-time polymerase chain reaction.
Genes
Primer sequences
Alizarin red staining and alkaline phosphatase quantitative analysis
The culture medium was aspirated from the cell culture plate and disposed; the cells were washed twice with pre-cooled PBS. The cells were added with 4% paraformaldehyde (PFA) and were immobilized under fixed room temperature for 30 s. The PFA was discarded and the cells were incubated with the alizarin red staining solution at 37°C for 45 min. The staining solution was then removed and the cells were observed. The pNPP method was used for the quantitative analysis of alkaline phosphatase levels. The cell culture medium was aspirated, and the cells were washed twice with pre-cooled PBS. The cells were scraped into PBS solution, and centrifuged under room temperature at 12,000 rpm for 5 min. The supernatant was discarded and the cells were re-suspended in 300-500 mL ddH 2 O. This was incubated at -80°C for 30 min and in a 37°C water bath for 30 min; this freeze-thaw cycle was repeated for three iterations. The cells were then centrifuged at 12,000 rpm and 4°C for 30 min. The supernatant (50 mL) was mixed with 50 mL pNPP stock solution and 100 mL DEA, and incubated in a 37°C water bath for 30 min. Subsequently, 200 mL (3 M) NaOH was added to terminate the reaction. Two hundred microliters of this solution was pipetted onto 96-well plates, and its optical density was determined at 405 nm. The protein density was determined using the standard BCA assay kit.
Cell transfection and luciferase activity assay
Lipofectamine 2000 was used to transfect the cells with pGL4.32[luc2P/NF-kB-RE/Hygro] and pRL Renilla luciferase plasmids. The luciferase activity was assayed using standard kits, in accordance with the experimental procedures provided by the manufacturer.
Statistical analysis
All data were statistically analyzed using SPSS v.13.0 (IBM, Armonk, NY, USA). All experiments were performed in triplicate unless otherwise noted. The data are reported as the means ± standard deviation of three independent experiments. The data were analyzed by analysis of variance (ANOVA); pairwise comparisons were performed using the two-tailed t-test. Three or more groups were compared using the Tukey-Kramer test. P < 0.05 was considered to be a statistically significant difference.
RESULTS
Cell modeling
The cellular model of osteoblast differentiation was established by inducing C2C12 cells with BMP-2, in order to verify the capacity of PGRN in blocking the TNF-a-mediated inhibition of osteoblast differentiation (Figure 1) . We examined the osteoblast differentiation in C2C12 cells following stimulation with 100 ng/mL BMP-2 for 7 days. We observed a significant increase in ALP activity; the ALP activity was ten times greater in the induced cells than in the control cells (P < 0.001, N > 3) ( Figure 1A ). Moreover, quantitative PCR revealed a higher expression of marker genes of osteoblast differentiation (ColI, Ocn, and Bsp) in the induced cells (P < 0.01, P < 0.001, N > 3) ( Figure 1B) . Thus, we concluded that the C2C12 cell model of osteoblast differentiation was effectively established. Further, we observed a significant decrease in the marker gene expression and ALP activity in a TNF-a-mediated osteoblast differentiation inhibition model induced by treating C2C12 cells with 10 ng/mL TNF-a (P < 0.01, P < 0.001, N > 3) ( Figure 1C and 1D) , which is consistent with the results reported by previous studies. BMP-2 promotes ALP activity (***P < 0.001); B. BMP-2 promotes the expression of ColI, Ocn, and Bsp marker genes (**P < 0.01, ***P < 0.001); C. TNF-a inhibits the BMP-2-induced ALP activity (***P < 0.001); D. TNF-a inhibits the BMP-2-induced expression of ColI, Ocn, and Bsp genes (**P < 0.01, ***P < 0.001).
PGRN blocks TNF-α-mediated inhibition of ALP activity and mineralization
We observed a significant increase in the ALP activity of cells treated with 50 ng/mL PGRN, 10 ng/mL TNF-a, and 100 ng/mL BMP-2, compared to cells treated with 10 ng/mL TNF-a and 100 ng/mL BMP-2 (no PGRN) (P < 0.05, P < 0.01, N > 3) (Figure 2A and B) . Moreover, Alizarin red staining of the 21-day induction culture showed a significant increase in the mineralization degree of cells treated with PGRN than those treated with TNF-a and BMP-2 alone ( Figure 2C ). A. PGRN (50 ng/mL) blocks TNF-a-mediated inhibition of alkaline phosphatase activity (**P < 0.01); B. PGRN blocks TNF-a-mediated inhibition of alkaline phosphatase activity in a dose-dependent manner (*P < 0.05, **P < 0.01); C. PGRN blocks the TNF-a-mediated inhibition of bone mineralization.
PGRN blocks the TNF-α-mediated inhibition of osteoblast marker gene expression
Quantitative PCR was used to detect the expression of osteoblast marker genes (Figure 3 ). We observed a significant increase in the expression of osteoblast-specific marker genes in cells treated with PGRN, compared to those treated with TNF-a and BMP-2 alone. Specifically, treatment with TNF-a, BMP-2, and PGRN for 7 days led to a significant increase in the expression of ColI, Ocn, and Bsp mRNA compared to the TNF-a+BMP-2 group (P < 0.05, P < 0.01, N > 3). Therefore, we concluded that PGRN significantly blocks the TNF-amediated inhibition of osteoblast-specific marker gene expression. Figure 3 . PGRN blocks the TNF-a-mediated inhibition of ColI (**P < 0.01), Ocn (**P < 0.01), and Bsp (*P < 0.05) expression.
PGRN blocks the TNF-α-mediated inhibition of Runx2, Osx, and ATF4
We then attempted to determine the effect of PGRN on the expression of the key transcription factor genes in the osteoblast, such as Runx2, Osx, and ATF4 (Figure 4) . The results of quantitative PCR indicated a significant increase in the Runx2 (P < 0.01, N > 3) ( Figure 4A ), Osx (P < 0.05, N > 3) ( Figure 4B ), and ATF4 (P < 0.05, N > 3) ( Figure 4C ) mRNA levels in cells treated with PGRN, in addition to TNF-a and BMP-2 for 7 days, compared to the cells treated in the absence of PGRN. Therefore, we concluded that PGRN significantly blocks the TNF-a-mediated inhibition of Runx2, Osx, and ATF4 expression. Treatment with 50 ng/mL PGRN blocks the inhibitory effect of TNF-a on the expression of Runx2 (A,**P < 0.01), Osx (B, **P < 0.01), and ATF4 (C, *P < 0.05).
PGRN blocks the TNF-α-mediated NF-κB signaling
As mentioned above, TNF-a inhibits osteoblast differentiation by activating the downstream NF-kB signaling pathway. Here, we attempted to determine the exact mechanism with which PGRN blocks TNF-a-mediated inhibition of osteoblast differentiation. We speculated that PGRN blocks the activation of TNF-a induced NF-kB signaling in order to block TNF-a-mediated inhibition of osteoblast differentiation. We used a fluorescent reporter gene assay and western blot to verify the regulatory effect of PGRN on NF-kB signaling ( Figure  5 ). C2C12 cells were transfected with the pGL4.32[luc2P/NF-kB-RE/Hygro] plasmid, and the luciferase activity was determined after PGRN treatment for 24 h; we observed a significant increase in luciferase activity in the TNF-a+BMP-2 treatment group, while the TNF-a+BMP-2+PGRN treatment group showed luciferase inhibition in a PGRN concentration-dependent manner (P < 0.01, P < 0.001, N > 3) ( Figure 5A ). We also measured the luciferase activity in C2C12 cells at different time points. We observed a significant decrease in the luciferase activity in PGRN-treated cells after 24 (P < 0.001, N > 3) ( Figure 5B) and 48 h (P < 0.001, N > 3) ( Figure 5C ), compared to the TNF-a+BMP-2 group. This result indicated that PGRN significantly blocks the activation of TNF-a induced downstream NF-kB signaling. Figure 5 . PGRN blocks the TNF-a-induced activation of NF-kB signaling. A. PGRN blocks the TNF-a-induced activation of NF-kB luciferase activity in a dose-dependent manner (**P < 0.01, ***P < 0.001); treatment with 50 ng/ mL PGRN for 24 (B) and 48 (C) h blocks the TNF-a-induced activation of NF-kB luciferase activity (***P < 0.001).
DISCUSSION
RA is a serious threat to human health that causes excessive secretion of the inflammatory cytokine TNF-a to the local inflammatory sites, which initiates a series of inflammatory reactions that ultimately leads to bone loss and decrease in bone mass. On one hand, TNF-a stimulates osteoclast differentiation to promote bone resorption to combat the decrease in bone mass and density, while on other, it suppresses osteoblast differentiation to repress bone formation, negatively affecting the balance of the bone remodeling process (Zaidi, 2007) . Therefore, TNF-a treatment, particularly TNF-a blocking, has been considerably researched as a promising treatment strategy.
Previous studies reported that PGRN plays an important role in the regulation of bone tissue (Noguchi et al., 2015) ; however, many of these studies concentrated on osteoclasts. As osteoblast differentiation and bone formation also play critical roles in the process of bone remodeling, further studies must be conducted to determine the effect of PGRN on osteoblast differentiation. Another promising method to treat bone loss and increase bone mass is the promotion of bone formation.
The growth factor PGRN has been shown to inhibit TNF-a directly (Liu, 2011; Tang et al., 2011; Hwang et al., 2013) ; in this study, we explored the blocking effect of PGRN on the TNF-a-mediated inhibition of osteoblast differentiation. We established a C2C12 osteoblast differentiation cell model via BMP-2 induction, where we confirmed that PGRN effectively blocks the TNF-a-mediated inhibition of alkaline phosphatase activity and bone mineralization. Furthermore, we discovered that PGRN significantly blocks the inhibitory effect of TNF-a on the expression of osteoblast marker genes such as the genes coding for ColI, Ocn, and Bsp, as well as the expression of Runx2 and Osx. We also determined that PGRN significantly blocks the TNF-a-mediated activation of the NF-kB signaling. These results indicate that PGRN effectively blocks the TNF-a-mediated inhibition of osteoblast differentiation, and exerts a protective effect on osteoblast differentiation. We speculate that PGRN could be applied for the prevention and treatment of rheumatoid arthritis-induced osteoporosis.
